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DIABETES IS AMONG A CLUSTERING of risk factors associated with metabolic dysfunction leading to a state of chronic low-grade inflammation and activation of an array of stress responses that accelerate the progression of atherosclerosis (19, 20) . The proinflammatory milieu of diabetes includes the upregulation of circulating inflammatory mediators such as TNF-␣ (18), chronic hyperglycemia leading to the formation of advanced glycation endproducts (AGEs; Ref. 32) , and the upregulation of the receptor for AGEs (RAGE; Ref. 9) . RAGE is a multiligand pattern recognition receptor that colocalizes with AGEs and other high affinity ligands such as S100 calgranulins and high mobility box group 1 (HMGB1), which are upregulated at sites of vascular inflammation by activated endothelial cells (EC) and monocytes (9) . RAGE is locally expressed throughout human atherosclerotic plaques, particularly in diabetics (6, 8, 14) . Mouse models of diabetes demonstrate RAGE-dependent accelerated atherogenesis (2, 47) . However, the specific mechanisms leading to RAGE activation and localization to atherosclerotic plaques are not well defined.
Arterial hemodynamics is an important regulator of endothelial inflammatory phenotype (4, 33) . Sites exposed to disturbed flow (DF), characterized by low magnitude time-averaged shear stress (SS) and oscillatory SS, strongly correlate with susceptibility to atherosclerosis compared with sites of undisturbed flow (UF), which experience high magnitude unidirectional SS and are considered resistant to disease (17, 45) . Recent studies (12, 34) in undiseased animals comparing EC between these regions have identified phenotypic differences consistent with priming for inflammation and sensitization to pathological change at sites of atherosusceptibility. These findings suggest that factors contributing to systemic inflammation might ultimately shift the balance in such regions toward a pathological phenotype.
Activation of RAGE triggers proinflammatory signaling involving the generation of reactive oxygen species (ROS), activation of nuclear factor-B (NF-B), and upregulation of cell adhesion molecules (CAMs) including VCAM-1 and chemokines that guide leukocyte recruitment (2, 13) . RAGE activation also creates a positive feedback loop for sustained RAGE activity by increasing its own expression (14, 18, 23, 27, 28) . High glucose in vitro has been linked to ROS-induced formation of intracellular AGEs (5, 18) , increased RAGE and ligand (S100s, HMGB1) expression in EC (48) , and priming of endothelium for a heightened inflammatory response to cytokine (1) . Hyperglycemia together with elevated RAGE ligands and cytokine create an environment permissive to atherogenesis. However, mechanistic studies evaluating the combined synergistic effects of these factors, particularly in the context of SS, have not been performed.
Although RAGE is increased in atherosclerotic plaques, where the endothelium is exposed to DF, it is unknown whether arterial hemodynamics plays a direct role in RAGE expression and activation. We (34) previously reported that RAGE is more highly expressed at sites of DF in the arteries of disease free animals, leading us to propose that RAGE may provide a link between focal susceptibility to atherosclerosis and the regulation of inflammation by arterial hemodynamics. We hypothesized that differential flow/SS characteristics would directly modulate RAGE expression and downstream signaling. By applying well-defined SS profiles to human aortic endothelial monolayers, we demonstrate a novel role for SS in regulating RAGE expression and activation.
MATERIALS AND METHODS
Cell culture and treatment protocol. Human aortic endothelial cells (HAEC) (Genlantis) were maintained in endothelial growth medium-2 (EGM-2; Lonza) with 1ϫ antibiotic-antimycotic solution (Invitrogen) and used for experiments at passages 5-7. HAEC were cultured in medium containing either a normal (NG; 5.5 mM) or high (HG; 25 mM) D-glucose (Sigma) concentration for 4 days. The L-glucose (25 mM, Sigma) was used as an osmotic control. To stimulate inflammation, HAEC were treated with TNF-␣ (0.5 ng/ml; R&D Systems) alone or in combination with HMGB1 (100 ng/ml; Sigma) for the last 4 h. The dose of TNF-␣ represents the approximate EC50 for VCAM-1 expression measured by flow cytometry (44) . RAGE-HMGB1 binding was blocked by adding anti-RAGE antibody (5 g/ml; no. mab1145; R&D Systems) 2 h before stimulation with TNF-␣ and HMGB1. To determine the influence of ROS on RAGE signaling, HAEC were treated with the antioxidant N-acetyl-L-cysteine (NAC; 10 mM; Sigma) or the NADPH oxidase (NOX) inhibitor apocynin (100 M; Sigma) 30 min before TNF-␣ and HMGB1 stimulation.
Porcine EC sample collection and immunohistochemistry. Fresh arterial samples from healthy adult swine were obtained from a local abattoir, and EC were isolated from a ϳ1-cm 2 region located at the inner curve and lateral walls of the aortic arch (representing DF) and separately from the dorsal descending thoracic aorta (representing UF) as previously described (34) . Samples were transferred directly to lysis buffers for RNA and protein isolation. Additional tissue samples were fixed in 10% formalin, paraffin embedded, and sectioned for immunohistochemistry (IHC). Samples were rehydrated, blocked for endogenous peroxidase, and heated at 98°C for 30 min in citrate buffer for antigen retrieval. They were blocked with 10% horse serum (University of California, Davis Veterinary Medicine) and incubated with mouse monoclonal anti-RAGE antibody (2 g/ml; no. mab1145; R&D Systems). They were subsequently incubated with anti-mouse envision polymer system (Dako), developed using diaminobenzidine chromogen (Dako), and counterstained with hematoxylin (SigmaAldrich). Representative images were taken at ϫ40.
Shear flow experiments. HAEC were seeded on collagen I-coated (100 g/ml; Invitrogen) tissue culture substrates. They were exposed to either oscillatory shear stress (OSS; 0 Ϯ 5 dyn/cm 2 ) or high magnitude laminar shear stress (HSS; 15 dyn/cm 2 ) for 4 h. Experiments were conducted in a custom-fabricated cell shearing device that creates a laminar flow field based on couette flow in a cone-and-plate viscometer. Alternatively, they were sheared in a standard parallelplate flow device. Leibovitz-15 (L-15) medium (Gibco), supplemented with 2% FBS (JR Scientific), endothelial BulletKit (Lonza), and 1ϫ antibiotic-antimycotic solution (Invitrogen) were used as the flow medium in the cell shearing device to maintain pH in the absence of CO2. Static control cells were also incubated in L-15 media, which had no deleterious effect on cell viability or TNF-␣-induced VCAM-1 expression in HAEC. For SS experiments under metabolic stress, HAEC were sheared during the 4-h treatment with TNF-␣ and/or HMGB1.
RNA isolation and quantitative real-time PCR. Total RNA was isolated using the High Pure Total RNA Isolation kit (Roche) and converted to first-strand cDNA using the Transcriptor First Strand cDNA Synthesis kit (Roche). Quantitative PCR was performed using Taqman Gene Expression Assays (Applied Biosystems; RAGE: Hs00153957_m1; VCAM-1: Hs00365485_m1; RPLP0: Hs99999902_m1) with a Realplex Mastercycler (Eppendorf). Alternatively, Roche Fast Start Universal SYBR Green Master Mix reagents were used with exon-flanking primers designed using Primer3 (pigRAGE-F: 5=-AGGACCAGGGAACCTACAGC-3=, pigRAGE-R: 5=-GCCCTTC-GACAGAACCTG-3=; pigRPLP0-F: 5=-AAGGAGGAGTCGGAG-GAGTC-3=, pigRPLP0-R: 5=-CTGGCTGACTTGGTTGCTTT-3=). Quantification relative to the housekeeping gene acidic ribosomal protein P0 (RPLP0) was determined by the ⌬⌬Ct method (Taqman), where C t is threshold cycle, or by reference to standard curves (SYBR).
Western immunoblot. HAEC were lysed using RIPA buffer supplemented with protease inhibitor cocktail (Sigma). Samples were denatured in Laemmli buffer, resolved by SDS-PAGE gel electrophoresis, transferred to nitrocellulose, and probed using primary mouse monoclonal antibodies to RAGE (2 g/ml; no. mab 1145; R&D Systems), VCAM-1 (1 g/ml; no. sc-13160; Santa Cruz Biotechnology), or GAPDH (0.1 g/ml; no. NB300 -328; Novus Biologics) as a loading control. Samples were incubated with a peroxidase-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch), incubated with SuperSignal West Pico and Femto Chemiluminescent Substrate (Pierce), and exposed to X-ray film. Bands were quantified by densitometry using ImageJ software (National Institutes of Health).
Detection of cytoplasmic and mitochondrial ROS. For detection of cytoplasmic H 2O2, HAEC were cultured in NG or HG conditions for 4 days and then treated with TNF-␣ (0.5 ng/ml) alone or in combination with HMGB1 (100 ng/ml) for 30 min in endothelial basal medium-2 containing 0.1% FBS with no additional growth factors or supplements. Cells were then loaded with dichlorofluorescein (10 M; Invitrogen) in HBSS for 30 min at 37°C in the dark, rinsed, and analyzed by FACScan flow cytometer (Becton-Dickinson) with CellQuest software. To determine mitochondrial O 2 Ϫ production, HAEC were cultured for 4 days in NG or HG and then loaded with MitoSOX (10 M; Invitrogen) in HBSS for 20 min at 37°C in the dark. Cells were then stimulated with TNF-␣ alone, or in combination with HMGB1 for 45 min, rinsed, and analyzed by flow cytometry.
Detection of NF-B nuclear translocation. HAEC were cultured on collagen I-coated (100 g/ml) glass coverslips for 4 days in HG or NG media and stimulated with TNF-␣ alone or simultaneously with HMGB1 for 30 min. Monolayers were fixed with 4% paraformaldehyde, permeabilized with acetone at Ϫ20°C, and blocked with 2% human serum albumin (ZLB Behring). Translocation was determined by incubating with polyclonal rabbit anti-NF-B p65 (10 g/ml; no. 3987; Cell Signaling) and secondary DyLight 549 goat anti-rabbit IgG (Jackson ImmunoResearch). Coverslips were mounted using VECTASHIELD mounting medium with DAPI (Vector Laboratories). Images from three representative fields taken at ϫ40 were averaged from each sample. MFI of each nucleus was quantified using ImageJ software (National Institutes of Health).
Monocyte adhesion assay. The human monocytic cell line THP-1 (ATCC) was used. Cells were activated with stromal cell-derived factor-1 (50 g/ml; R&D Systems) for 15 min and perfused over pretreated HAEC monolayers at a constant shear of 1 dyn/cm 2 at 37°C in a microfluidic device as previously described (44) . Digital image sequences were acquired at three frames per second for 2 min following fully developed flow. The number of cells per field was determined by identifying their phase-bright appearance in the same focal plane as the monolayer. Firm cell arrest was defined by movement less than one-half cell diameter in 10 s. Data were averaged over three random fields/channel and quantified using ImageJ software (National Institutes of Health).
Data analysis. Data were analyzed using GraphPad Prism version 5.0 software. In general, multiple treatment groups were compared by ANOVA, and differences were assessed by Dunnett's or StudentNewman-Keuls posttest. Two experimental groups were compared using the Student t-test, pairing where appropriate. Two-tailed P values of Ͻ 0.05 were considered statistically significant unless otherwise indicated.
RESULTS

RAGE is differentially expressed in porcine aortic endothelium.
We (34) previously demonstrated by global analysis of EC gene expression in arteries of undiseased swine that RAGE transcript levels were expressed fourfold higher at a representative site of DF (athero-susceptibility) compared with a site of UF (athero-resistance). We further analyzed whether RAGE was upregulated in regions of DF by quantitative PCR, Western blot, and IHC in EC from the freshly harvested aortas of a cohort of disease-free swine (Fig. 1) . EC from the inner curvature of the aortic arch (representing DF) expressed 88% greater RAGE mRNA compared with EC from the descending thoracic aorta (representing UF; Fig. 1A ). Although more variable, RAGE protein expression also tended to be greater (on average 40%; P Ͻ 0.08) at DF compared with UF (Fig.  1B) , an observation confirmed by IHC (Fig. 1, C and D) .
RAGE expression is mediated by SS in HAEC. Although in vivo data suggest that RAGE is mediated by arterial hemodynamics, it is unclear whether SS alone affects expression or if other factors contribute to the differential RAGE expression between DF and UF. To directly elucidate the influence of SS on endothelial RAGE expression, we exposed cultured HAEC to physiological SS characteristics representing DF and UF in vitro. OSS has been used widely to model DF characteristics in vitro (7, 22, 40) while steady HSS is frequently used to model UF. In HAEC exposed to OSS (0 Ϯ 5 dyn/cm 2 ), RAGE mRNA levels were not changed compared with static conditions (Fig. 2A) ; however, RAGE protein increased ϳ3-fold (Fig.  2B ). HAEC exposed to HSS (15 dyn/cm 2 ) exhibited a fourfold decrease in both RAGE mRNA ( Fig. 2A) and protein (Fig. 2B) , compared with cells in static culture. Notably, a pulsatile SS of the same time average magnitude (15 Ϯ 5 dyn/cm 2 ) elicited a comparable decrease to HSS (not shown). Since cells in static culture were also unstimulated, these data reveal that SS has the ability to directly increase or decrease basal expression of RAGE and are consistent with the differential expression observed in vivo.
HMGB1 signaling through RAGE upregulates VCAM-1 expression in HAEC.
Since RAGE activation is recognized to result in inflammation, we hypothesized that modulation of RAGE by SS would regulate downstream proinflammatory responses under conditions that mimicked the diabetic vasculature. Notably, our experience in HAEC was that they were refractory to RAGE upregulation through binding of conventional RAGE ligands including AGEs, S100B, and HMGB1 alone (data not shown). Therefore, we developed an in vitro model of metabolic stress in which HAEC were chronically conditioned with HG and then simultaneously treated with a low dose of TNF-␣ and HMGB1 to mimic the extracellular milieu associated with diabetes.
VCAM-1 is widely implicated in atherogenesis as it is essential for the firm adhesion of monocytes to activated endothelium (21) . Since VCAM-1 is upregulated at vascular regions of DF and by TNF-␣ stimulation, it was used as a marker of inflammation. VCAM-1 mRNA expression did not change significantly, although it tended to be higher (on average 1.6-fold; P Ͻ 0.12) in HAEC conditioned with HG and stimulated with TNF-␣ and HMGB1 compared with TNF-␣ alone (Fig. 3A) . However, VCAM-1 protein was increased 1.5-fold relative to TNF-␣ in HAEC conditioned with HG and subsequently stimulated with TNF-␣ and HMGB1 (Fig. 3B) . Addition of an anti-RAGE blocking antibody inhibited the HMGB1-induced increase in VCAM-1 expression, demonstrating that this increase was RAGE specific. HG conditioning or HMGB1 treatment alone or combined with TNF-␣ failed to increase VCAM-1 levels. Moreover, RAGE expression was not upregulated from basal conditions under this model (data not shown). Conditioning HAEC with the nonmetabolizable analog L-glucose (25 mM) did not elicit an increase in VCAM-1 over TNF-␣ alone (Fig. 3, C and D) , indicating that this enhanced inflammatory response occurs via a metabolic priming mechanism specific to D-glucose and is not attributable to hyperosmolarity. Together, these data suggest that hyperglycemia can prime HAEC for an enhanced ligand-specific activation of RAGE that superposes with cytokine to heighten a proinflammatory response.
RAGE-induced VCAM-1 expression requires ROS signaling and is NADPH oxidase dependent. RAGE canonically leads to inflammation via signaling mechanisms involving NOX-induced ROS (3, 23, 32) . To investigate the mechanism underlying RAGE-induced VCAM-1 expression in HAEC, we assessed a role for ROS signaling in our metabolic stress model. Using DHE and flow cytometry, we did not detect differences in cytoplasmic O 2 Ϫ over the range of conditions leading to enhanced VCAM-1 expression (not shown). However, O 2 Ϫ is thought to be quickly converted to H 2 O 2 in HAEC through the action of superoxide dismutase, which leads to increased mitochondrial O 2 Ϫ production and subsequent dysfunction (10, 40) . We assessed cytoplasmic H 2 O 2 levels in HAEC using dichlorofluorescein and found that conditioning with HG increased ROS to a comparable level above TNF-␣, regardless of ligand stimulation (Fig. 4A) . In contrast, HG alone was not sufficient to significantly increase MitoSOX levels above TNF-␣. However, the addition of HMGB1 stimulated a significant increase in mitochondrial O 2 Ϫ production (Fig. 4B) . Treatment with the general antioxidant NAC or the NOX inhibitor apocynin did not significantly reduce VCAM-1 expression by TNF-␣ (Fig. 4C) . However, in HAEC conditioned with HG and treated with TNF-␣ and HMGB1, NAC and apocynin decreased VCAM-1 by 53 and 32%, respectively, reducing VCAM-1 expression to levels similar to TNF-␣ alone (Fig.  4C) . Together, these data implicate a NOX-dependent contribution to ROS required for HMGB1-induced VCAM-1 upregulation in our model.
RAGE activation by HMGB1 enhances NF-B activity in HG-conditioned HAEC. Ligand activation of RAGE can induce a series of intracellular signaling events that culminates in the activation of the transcription factor NF-B (2, 23, 32, 47) , a primary mediator of inflammation in atherogenesis and a regulator of many proinflammatory genes including VCAM-1. To investigate whether the increase in RAGE-mediated VCAM-1 expression was modulated by NF-B, we assessed nuclear translocation by immunofluorescence staining of the NF-B subunit p65. Following 30 min of stimulation by TNF-␣, p65 was predominantly nuclear compared with untreated HAEC, where it remained primarily cytoplasmic (Fig.  4D) . Preconditioning with HG failed to significantly increase p65 translocation above TNF-␣ levels alone. However, the addition of HMGB1 to HG conditioned cells induced a ϳ50% increase in nuclear translocation over TNF-␣ alone (Fig. 4D) . These data quantitatively demonstrate that the RAGE-induced increase in VCAM-1 expression involves the canonical NF-B inflammosome and are consistent with the upregulation of VCAM-1 observed in our model.
SS modulates RAGE-induced inflammation.
We next examined a role for differential SS in regulating the RAGE-induced inflammatory responses observed in our model of metabolic stress. HAEC cultured under HG and subsequently exposed to TNF-␣ and HMGB1 under OSS exhibited an approximately threefold increase in VCAM-1 mRNA and protein compared with TNF-␣ alone under OSS (Fig. 5, A and B) . As was the case under static culture, pretreating cells with an anti-RAGE blocking antibody attenuated the HMGB1-induced increase in VCAM-1 at both the transcript and protein levels, demonstrating that these increases were specific to RAGE-HMGB1 binding. Consistent with previous studies (11, 41) , HSS attenuated TNF-␣-stimulated VCAM-1 upregulation compared with that observed under static culture and OSS. Furthermore, HSS completely abolished the RAGE-induced increase in VCAM-1 expression to levels of TNF-␣ alone (Fig. 5, C and D) . RAGE expression was also upregulated ϳ1.6-fold relative to TNF-␣ in ligand-activated HAEC under OSS but did not increase under HSS (not shown).
We next examined the mechanism underlying enhanced VCAM-1 expression observed under OSS in metabolically activated HAEC. Under OSS, mitochondrial O 2 Ϫ was 1.25-fold greater in HAEC conditioned with HG and stimulated with TNF-␣ and HMGB1 compared with TNF-␣ alone (Fig. 6A) . To determine if enhanced VCAM-1 expression was dependent on a signaling mechanism involving NOX, we assessed this outcome in HAEC treated with apocynin, which prevented the RAGEspecific increase in VCAM-1 observed under OSS (Fig. 6, B and  C) . Moreover, NF-B activation was measured in our model under differential SS. Consistent with the regulation of VCAM-1 expression, NF-B translocation was increased via RAGE under OSS but remained unchanged relative to TNF-␣ under HSS (Fig.  6, D and E) . Together, these results suggest that OSS may amplify RAGE activation through a mechanism involving NOX-induced ROS leading to enhanced NF-B activity.
SS mediates RAGE-induced monocyte arrest to HAEC. To provide additional insight into the functional consequences of these changes in VCAM-1 expression, we assessed monocyte recruitment to inflamed HAEC, considered an important harbinger of atherosclerosis (29) . We employed the THP-1 cell line, which mimics the phenotype of human monocytes (42). These were flowed over HAEC monolayers conditioned by differential SS and metabolic activation in microfluidic flow channels that allow for the direct imaging of recruitment under shear (38) . Under OSS, THP-1 arrest was 56% greater on HAEC preconditioned with HG, HMGB1 and TNF-␣, compared with HAEC exposed to TNF-␣ alone (Fig. 7A) . Consistent with the reduction in VCAM-1 expression, conditioning HAEC under HSS significantly attenuated overall THP-1 adhesion compared with OSS. Moreover, it abated the increase in THP-1 adhesion induced by ligand activation under OSS, as there was no significant difference in THP-1 arrest observed under HSS (Fig. 7B) . Together, these data show that SSmediated RAGE inflammation translates to differential regulation in monocyte adhesion, and demonstrate the functionality of the SS-RAGE inflammatory axis.
DISCUSSION
Although the endothelium is uniformly exposed to inflammatory mediators induced by systemic risk factors, atherosclerosis is a focal disease that develops preferentially at sites of flow disturbance in arteries, implicating spatial heterogeneity in the endothelial inflammatory response. Recent in vivo studies have established arterial hemodynamics as an important determinant of endothelial inflammatory phenotype. The emerging paradigm is that DF is permissive to atherosclerosis in that it contributes to a state of chronic stress or dysregulation which might be exacerbated by factors that affect systemic inflammation (12) . Consistent with this model, we demonstrate RAGE-specific upregulation of VCAM-1 and monocyte recruitment under a model of diabetes-induced metabolic stress that was enhanced by OSS but mitigated by HSS. We report for the first time a direct role for SS in regulating RAGE expression and activation that implicates metabolic and Fig. 3 . Activation of RAGE by high mobility group box 1 (HMGB1) increases VCAM-1 in a model of metabolic stress. HAEC monolayers were conditioned under normal (5.5 mM) or high glucose (HG; 25 mM) and then stimulated with low-dose TNF-␣ (0.5 ng/ml) alone or simultaneously with HMGB1 (100 ng/ml). Anti-RAGE IgG (5 g/ml) was added to block HMGB1 binding to RAGE. VCAM-1 mRNA expression was measured by qPCR (A), and protein expression was measured by Western immunoblot (B), expressed as fold increase over TNF-␣ alone (means Ϯ SE; *P Ͻ 0.01; n ϭ 4). VCAM-1 mRNA (C) and protein (D) in HAEC conditioned with 25 mM L-glucose.
hydrodynamic influences within sites of lesion susceptibility in arteries.
To assess the ramifications of shear-induced changes in RAGE expression on endothelial inflammation, it was necessary to activate RAGE signaling in vitro. In our hands, the application of RAGE ligands alone (including S100B, HMGB1, and AGEs, both commercially available and synthesized with reducing sugars and aldehydes) was not sufficient to induce an inflammatory response or to upregulate RAGE in HAEC. These results contrast with studies conducted using human microvascular EC or umbilical vein EC as a model (28, 31) and may be reflective of underlying phenotypic heterogeneity in these EC populations. Observations in those cell types may be more relevant to mechanisms of importance to microvascular complications associated with diabetes. There have been few studies conducted using HAEC (14, 48) , which we chose to use as an appropriate cell type in which to conduct our studies of atherosusceptibility. In this context, it is also noteworthy that there have been conflicting reports as to whether or not AGEs alone are sufficient to induce a proinflammatory Fig. 4 . RAGE-induced VCAM-1 expression requires reactive oxygen species (ROS) signaling and enhanced NF-B activity. A: HAEC were conditioned in NG or HG for 4 days and then subsequently exposed to TNF-␣ alone or in combination with HMGB1 for 30 min, followed by dichlorofluorescein (DCF; 10 M) for 30 min. Median fluorescence intensity was quantified by flow cytometry and expressed as fold change over TNF-␣ alone (means Ϯ SE; *P Ͻ 0.03 from TNF-␣; n ϭ 4). B: HAEC cultured in NG or HG for 4 days were loaded with MitoSOX (10 M) for 20 min and then treated with TNF-␣ alone or in combination with HMGB1 for 45 min and median fluorescence was quantified by flow cytometry and expressed as fold change over TNF-␣ alone (means Ϯ SE; *P Ͻ 0.04 from TNF-␣; n ϭ 8). C: HAEC conditioned in NG or HG were preincubated with NAC (10 mM) or apocynin (100 M) for 30 min before stimulation with TNF-␣ and HMGB1 for an additional 4 h. VCAM-1 expression was measured by Western immunoblot, expressed as fold increase over TNF-␣ alone (means Ϯ SE; *P Ͻ 0.04 from TNF-␣; # P Ͻ 0.03 from TNF-␣ ϩ HG ϩ HMGB1; n ϭ 4). D: representative immunofluorescence images of p65 in HAEC conditioned in normal glucose (UNT) or HG and stimulated with TNF-␣ alone or simultaneously with HMGB1 for 30 min. Counterstaining with DAPI shows the location of nuclei. Nuclear translocation of p65 was quantified by mean fluorescence intensity in the nuclei and displayed as fold increase over TNF-␣. Data are averaged over 4 fields of view per sample (means Ϯ SE; *P Ͻ 0.04 from TNF-␣; n ϭ 4). response via RAGE (43) . We found that RAGE was inducible in HAEC only upon additional activation.
We developed an in vitro model that we termed metabolic stress to mimic the extracellular milieu associated with diabetes in humans. Diabetes is characterized by a heightened inflammatory state that includes chronic hyperglycemia, elevation of cytokines such as TNF-␣, and production of factors that serve as RAGE ligands (23, 26, 30) . RAGE signaling has been demonstrated to act cooperatively with TNF-␣ to induce endothelial dysfunction in diabetic mice (15) . We demonstrate that in primary HAEC chronically conditioned with HG, the RAGE ligand HMGB1 enhanced TNF-␣-induced VCAM-1 expression and associated monocyte recruitment. This was dependent on a RAGE-specific mechanism that was enhanced by OSS but abolished by HSS.
SS alone demonstrated the capacity to significantly alter the basal expression of RAGE, which was increased under OSS but decreased by HSS. This reveals a mechanism by which physiological SS could tune a RAGE-mediated inflammatory response, with OSS lowering the threshold for cytokine activation. It is noteworthy that under OSS, RAGE protein expression was more responsive to stimulation than was mRNA expression. This implicates the involvement of a previously unappreciated posttranscriptional mechanism acting to modulate RAGE protein levels. One possibility is the involvement of shear-sensitive microRNAs that inhibit translation but are suppressed by OSS.
Beyond modulating RAGE expression levels, signaling via SS could also modulate RAGE activity by converging on mechanisms that affect the cell redox balance, NF-B activation, and downstream inflammation. Mechanistic studies (33) in cultured EC have demonstrated that the low magnitude SS (Ͻ2 dyn/cm 2 ) and oscillatory characteristics of DF promote an athero-permissive phenotype, characterized by a pro-oxidative state that includes the upregulation and activation of NOX, increased intracellular ROS, and activation of transcription factors such as NF-B and activator protein-1 that promote proinflammatory gene expression. Conversely, the high magnitude SS (i.e., Ͼ10 dyn/cm 2 ) and other characteristics of UF in arteries promote an athero-protective phenotype, characterized by anti-inflammatory gene expression and a shift in the redox balance of the cell favoring an anti-oxidative state and inhibition of NF-B. These responses are mediated in turn by activation of transcription factors such as peroxisome proliferator-activated receptor-␥, NF-E2-related factor-2, and Kruppel-like factor-2 (33) . It is noteworthy that proliferator-activated receptor-␥ activation by thiazolidinediones, a class of drugs used to treat diabetes, decreases RAGE expression and inflammation via inhibition of NF-B (31). These observations point to plausible mechanisms that may help explain the duality of RAGE modulation by SS observed in our studies, in which OSS enhanced, but HSS inhibited RAGE expression and activity through mechanisms that centered on NF-B. Under both static and shear conditions, NF-B nuclear translocation was increased in response to HMGB1 stimulation, implicating it as a primary mediator underlying the RAGE-induced VCAM-1 increase. Additional studies will be required to fully elucidate the mechanisms underlying the SS-RAGE axis in the regulation of arterial inflammation.
There is considerable evidence linking diabetes-induced hyperglycemia with vascular dysfunction. High glucose in our model did not alone elicit an inflammatory response or enhance TNF-␣ signaling but was crucial to the enhanced ligandinduced response. Conditioning with HG was previously demonstrated to enhance the inflammatory response to cytokine in EC (1) and to upregulate RAGE and RAGE ligands in HAEC (48) . However, HG did not increase RAGE expression in our model, leading us to propose that the priming effect must be through other mechanisms. For example, HG may shift the cell redox balance by increasing ROS production and decreasing antioxidant defenses (16) . We demonstrate that cytoplasmic ROS levels were increased relative to TNF-␣ in all HAEC conditioned with HG. Furthermore, cells conditioned with HG and treated with TNF-␣ and HMGB1 exhibited greater mitochondrial ROS production than TNF-␣ stimulation alone. In contrast, neither HG alone nor TNF-␣ in combination with HG significantly increased MitoSOX levels above TNF-␣. However, we noted that conditioning with HG did significantly increase MitoSOX levels by 22% above untreated cells (data not shown). These data are consistent with high glucose contributing to a state of increased oxidative stress, priming the cell for an enhanced inflammatory response to additional stimuli. Additionally, HG may also potentiate RAGE signaling by altering the affinity of ligand binding through a posttranslational glycosylation of RAGE (39) .
We chose to activate HAEC with TNF-␣ at a relatively low dose (0.5 ng/ml), representative of the ϳEC 50 for VCAM-1 expression as measured by flow cytometry (44) and also Fig. 7 . Shear stress differentially regulates RAGE-induced monocyte recruitment. HAEC were conditioned with normal glucose or HG, then exposed to either OSS (0 Ϯ 5 dyn/cm 2 ; A) or HSS (15 dyn/cm 2 ; B), while being stimulated with TNF-␣ alone or simultaneously with HMGB1. THP-1 cell adhesion was imaged in microfluidic flow chambers assembled over HAEC monolayers. THP-1 cells were sheared at 1 dyn/cm 2 for 2 min, and arrest was imaged by phase contrast microscopy and averaged over 3 different fields of view per sample (means Ϯ SE; *P Ͻ 0.05 from TNF-␣ alone under shear; n ϭ 3). Fig. 8 . Proposed model mechanism for the shear stress modulation of RAGE. High glucose primes the cell for inflammatory activation by contributing to oxidative stress. Ligand activation of RAGE leads to an NADPH oxidase-dependent increase in cytoplasmic ROS that subsequently affects mitochondrial ROS production and activation of the redox-sensitive NF-B, leading to endothelial cell dysfunction and inflammation. OSS increases RAGE expression and enhances RAGE-induced inflammation in a NADPH oxidase-dependent manner, while HSS decreases RAGE expression and attenuates RAGE signaling through mechanisms that lead to inhibition of NF-B.
reflective of levels that might be expressed locally in atherosclerotic lesions of diabetics (37) . TNF-␣ alone did not significantly affect either RAGE expression or activity. In the context of inflammatory cytokine, conditioning with DF is permissive to or exacerbates inflammatory responses including increases in CAM expression and monocyte recruitment, whereas conditioning with UF significantly attenuates these responses (11, 22, 41) . Our observations of TNF-␣-induced VCAM-1 expression and monocyte recruitment under shear are consistent with these previous observations. Although cytokine stimulation was necessary for VCAM-1 upregulation in our model, we demonstrate a RAGE-specific enhancement of the inflammatory response in this context, providing novel insight into how SS might modulate inflammation under a state of diabetes-induced stress.
NADPH oxidase-induced oxidative stress has been widely implicated in inflammatory signaling underlying atherogenesis (25) that includes activation of NF-B. Mitochondrial-induced ROS is associated with the metabolic dysfunction of diabetes (35) , and subsequent mitochondrial dysfunction has been hypothesized to play an integral role in early events leading to atherosclerotic cardiovascular disease (36) . NOX-induced ROS is thought to be critical to RAGE inflammatory signaling and has been shown to act as an upstream mediator of mitochondrial dysfunction and subsequent cellular damage (3, 10) . OSS also increases oxidative stress through enhanced NOX expression and activity. Takabe et al. (40) demonstrated that OSS increased the generation of cytoplasmic O 2 Ϫ through NADPH oxidase activation, which consequently increased mitochondrial O 2 Ϫ through a JNK-dependent mechanism in EC. Consistent with these observations, we demonstrate a role for NOX contributing to enhanced cytoplasmic and mitochondrial ROS production, leading to enhanced NF-B activity underlying the RAGE activation in our model. Although the specificity of apocynin as an inhibitor of NOX is controversial and may vary by cell type, it has been widely used in mechanistic studies of shear mediated NOX activity in endothelium both in vivo and in vitro (40) .
Our observation is novel in demonstrating that physiological SS directly modulates RAGE expression and activity. However, several recent investigations provide additional evidence of a convergence between SS signaling and diabetes-mediated inflammation. AGEs can cause SUMOylation of extracellular signal-regulated kinase-5, which results in a significant decrease in its laminar SS-induced transcriptional activity, and subsequent regulation of athero-protective transcription factors (46) . Glycated collagen substrates altered EC alignment and subsequent focal adhesion kinase phosphorylation in response to laminar SS, resulting in impaired endothelial nitric oxide synthase activity (24) . Together these studies present an emerging picture of the complexity by which signaling via physiological SS and diabetes-induced changes in endothelium converge to modulate the balance between an athero-susceptible and athero-resistant phenotype.
In summary, we demonstrate for the first time a direct role for SS in regulating RAGE expression and activation. We propose a mechanism whereby OSS increases RAGE expression and subsequent activation via a mechanism involving NADPH oxidase-induced oxidative stress and NF-B activation, while HSS attenuates both RAGE expression and proinflammatory signaling via well-documented mechanisms that inhibit NF-B (Fig. 8) . These findings support a mechanism for the convergence of signaling via physiological SS and diabetes-induced metabolic stress that may provide insight into focal athero-susceptibility under systemic risk factors.
